Femtosecond Laser-Excitation-Driven High Frequency Standing Spin Waves in Nanoscale Dielectric Thin Films of Iron Garnets
Marwan Deb, 1,2,* Elena Popova, 3 Michel Hehn, 1 Niels Keller, 3 Sébastien Petit-Watelot, 1 Matias Bargheer, 2 Stéphane Mangin, 1 and Gregory Malinowski 1 1 Institut Jean Lamour (IJL), CNRS UMR 7198, Université de Lorraine, 54506 Vandoeuvre-lès-Nancy, France 2 Institut für Physik und Astronomie, Universität Potsdam, Karl-Liebknecht-Str. [24] [25] 14476 Potsdam, Germany We demonstrate that femtosecond laser pulses allow triggering high-frequency standing spin-wave modes in nanoscale thin films of a bismuth-substituted yttrium iron garnet. By varying the strength of the external magnetic field, we prove that two distinct branches of the dispersion relation are excited for all the modes. This is reflected in particular at a very weak magnetic field (∼33 mT) by a spin dynamics with a frequency up to 15 GHz, which is 15 times higher than the one associated with the ferromagnetic resonance mode. We argue that this phenomenon is triggered by ultrafast changes of the magnetic anisotropy via laser excitation of incoherent and coherent phonons. These findings open exciting prospects for ultrafast photo magnonics. DOI: 10.1103/PhysRevLett.123.027202 The continuous demand for more energy efficient and faster data transport and processing devices has triggered intense research activity to carry information with other means than the electron charge, which is associated with an inevitable Joule heating in current semiconductor-based information technologies [1] . One of the most promising ways to achieve this goal is the use of the coherent collective excitation of spins in magnetic materials, commonly known as magnons or spin waves (SWs) [2] [3] [4] [5] . These waves can propagate in both metallic and dielectric magnetic media without involving any charge transport, which avoids the Joule heating, and therefore reduces substantially the power consumption for data processing. Besides this energy efficiency, using SWs offers other important advantages for ultrafast nanoscale computation due to their broad high frequency range from GHz to THz and tunable wavelength down to the nanoscale [6] . From a fundamental point of view, SWs exhibit remarkably rich physics involving both dipolar and exchange interactions [6, 7] . This is reflected by versatile dispersion relations containing magnetostatic and exchange modes, which can either be tuned by an external magnetic field (H ext ) and/or the sample size [3, 6] . In this context, intense research is being carried out to understand the generation, propagation, manipulation, and detection of SWs in a continuously growing field of modern magnetism called magnonics [2] [3] [4] [5] .
Because of its low magnetic damping constant, the yttrium iron garnet (YIG) has attracted a lot of attention in the field of magnonics [8] . Indeed, many important magnetostatic SWs based devices have been realized using YIG during the last decade [9] [10] [11] [12] . However, due to the small saturation magnetization of YIG together with the restrictions imposed by the size of the microwave antennas on the excited SWs wavelength with the standard method of microwave magnetic fields, magnetostatic SWs frequencies in such devices did not exceed a few GHz at low field, which is a major limiting factor for ultrafast applications. On the other hand, due to the strong exchange interaction between spins, the exchange SWs mode can have higher frequencies compared to the magnetostatic one. The possibility of triggering such exchange modes requires a nonuniform dynamical field across the magnetic film thickness [13] , which is very challenging to induce using microwave antennas [13] [14] [15] . Recently, femtosecond laser pulses have been used as an efficient stimulus to excite a coherent spin precession [16, 17] . In particular, it was demonstrated that femtosecond laser pulses can excite exchange standing SWs (SSWs) in metallic [18, 19] and semiconductor [20, 21] ferromagnets via thermal processes. On the other hand, most studies on iron garnets have been dedicated to the excitation and control of the homogenous resonance mode (k ¼ 0, i.e., low frequency) via nonthermal excitation mechanisms [22] [23] [24] [25] [26] [27] [28] [29] . An important question in this context concerns the possibility to take advantage of femtosecond laser pulses for triggering a high frequency SSW in dielectric thin films of iron garnets.
In this Letter, we demonstrate femtosecond laser-excited high frequency even and odd SSWs in nanoscale films of Bi-substituted yttrium iron garnet (Bi-YIG). Bi-YIG materials have, in addition to a low damping [30] , very large magneto-optical Faraday effects [31] , which make them well adapted for new photo magnonics devices. By varying the strength of the external applied magnetic field H ext , we demonstrate two distinct branches of the dispersion relation PHYSICAL REVIEW LETTERS 123, 027202 (2019) 0031-9007=19=123(2)=027202 (6) 027202-1 © 2019 American Physical Society for all the SSW modes. We report at very low H ext a spin precession with a frequency of 15 GHz, which is 15 times higher than the one associated with the ferromagnetic resonance (FMR) mode. We demonstrate that this phenomenon is driven by ultrafast changes of magnetic anisotropy via laser excitation of incoherent and coherent phonons. Fig. 1(d) ] spectra are in good agreement with previous studies of MO properties of Bi-YIG [25, 33, 34] . The comparison of the peaks positions within the Θ F spectrum with recent experimental studies investigating the influence of the Bi content in [35, 36] indicates that the Bi concentration is close to x ¼ 1. Figure 2 (a) shows time-resolved magneto-optical Kerr effect (TR-MOKE) measurements of the magnetization dynamics induced by 800 nm pump pulses with an energy density of E pump ¼ 9.9 mJ cm −2 for a magnetic field applied perpendicular to the film plane of H ext ¼ AE197 mT. A detailed description of the TR-MOKE configurations with a probe pulse at 400 nm wavelength is given in the Supplemental Material [32] , Note 2. During the time overlap between the pump and the probe, a large peak occurs, which can be related to the population of excited electronic states in the Fe 3þ ion at the probe photon energy induced by two-photon absorption of the pump pulse as shown below. After this peak, complex oscillations are observed in the TR-MOKE signals. It is noteworthy that these oscillations change sign when the direction of H ext is reversed, demonstrating their magnetic origin. The inset of PHYSICAL REVIEW LETTERS 123, 027202 (2019) 027202-2
where A i ; f i ; ϕ i ; τ i are, respectively, the amplitude, frequency, initial phase, and decay time characterizing the precessional mode i (i ¼ 0, 1, 2, 3, and 4). The term Be −Ct represents a slowly changing MO background, used for better fitting but does not affect the extracted properties of the oscillations. In good agreement with the FFT analysis, the fit of the data in Fig. 2(a) yields the resonance
GHz, which we assign to the SSW modes up to 4th order. We note that the amplitudes and phases of all five magnetic resonance modes do no depend on the polarization of the pump pulses. This clearly demonstrates that the pump polarization-dependent mechanisms such as the photoinduced magnetic anisotropy [22] [23] [24] [25] and the Cotton-Mouton effect [28, 29] are not at the origin of the excitation. The insensitivity of the excitation on the polarization of the pump suggests that the photons are absorbed and induce an ultrafast change of the magnetic anisotropy via incoherent or coherent phonons, i.e., by ultrafast heating of the lattice [18, [37] [38] [39] and/or due to inverse magnetostriction induced by a hypersound wave propagating into the film [40] [41] [42] [43] [44] . In Bi-substituted iron garnets, the heat energy induced by a pump pulse with a wavelength of 800 nm is caused by the excitation of the phonon assisted 6 S → 4 G and 6 S → 4 P electronic d − d transitions simultaneously by one-and two-photon absorption processes [45] . The phonons created during the excitation of the d-d transitions heat the lattice within hundreds of femtoseconds [45] [46] [47] . Spin precession can be triggered by ultrafast heating of the lattice via a modification of the growth induced anisotropy [48, 49] , which is highly sensitive to a small temperature variations in Bi-YIG [49] . The thermal energy delivered to the lattice is expected to follow the exponential attenuation of the light intensity in Bi-YIG. This leads to a nonuniform modification of the magnetic anisotropy across the Bi-YIG thickness. Such mechanism can therefore drive the generation of higher SSW modes. In order to assess the importance of coherent acoustic phonons for the excitation of SSWs [50, 51] , we measured the pump induced reflectivity change ΔR=RðtÞ [Fig. 2(b) ]. Like the ΔΘ=ΘðtÞ data, the ΔR=RðtÞ signal shows a large peak during the overlap between the pump and probe. After the ultrafast reflectivity change ΔR=RðtÞ attributed to the electronic excitation following the pump pulse, oscillations of the reflectivity signal with a frequency of ∼63 GHz demonstrates the propagation of a coherent phonon. The FFT spectrum of this time-domain Brillouin scattering (TDBS) signal is shown in the inset of Fig. 2(b) and fitting the reflectivity signal via
yields a frequency of 63.7 GHz. The TDBS oscillations originate from an interference of the probe beam reflection at the Bi-YIG surface with the reflection from the longitudinal strain pulse propagating into the GGG. The observed Brillouin frequency perfectly matches the value f GGG ¼ 2V L GGG ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi n 2 − sin 2 θ p =λ ¼ 63.9 GHz, calculated for the probe wavelength λ ¼ 400 nm, the longitudinal sound velocity V L GGG ¼ 6400 m=s of GGG [52] , its refractive index n ≈ 2 [53] , and the angle of incidence θ ¼ 6°. This result clearly demonstrates the generation of coherent phonons in the form of longitudinal strain pulses. Such strain pulses can modify the magnetocrystalline anisotropy and/or the stress-induced anisotropy via inverse magnetostriction and trigger a spin precession [40] [41] [42] [43] . This excitation process can also be considered as nonuniform during the propagation of the acoustic pulse in the Bi-YIG layer and therefore contribute to the generation of the SSWs. For these reasons, we argue that the excitation of SSWs is triggered by ultrafast changes of magnetic anisotropy via laser excitation of incoherent and coherent phonons.
To further investigate the excitation of the magnetic resonance modes, we have measured the ultrafast magnetization dynamics as a function of E pump . TR-MOKE signals measured at selected E pump for H ext ¼ 197 mT are displayed in Fig. 3(a) . The results clearly show that the amplitude of the spin dynamics continuously increases with increasing E pump . The detailed behavior of the oscillation frequency and amplitude as a function of E pump is On the other hand, we find that the amplitudes clearly deviate from a simple linear [32] , Notes 3 and 4). However, the data can be well fitted by a second-order polynomial function
. This is in good agreement with the fact that the general process involves both a one-and two-photon absorption by the d-d transitions 6 S → 4 G and 6 S → 4 P, respectively. To confirm the SSWs nature of the observed resonance modes, we investigated the magnetic field dependence of the TR-MOKE signals. Figure 4(a) shows the results measured at selected values of H ext for E pump ¼ 9.9 mJ cm −2 . The detailed behavior of the modes can be quantified by fitting the TR-MOKE data using Eq. (1). The field dependence of the precession amplitude [ Fig. 4(c) ] shows a maximum when the field approaches the outof-plane saturation field H ext ¼ 250 mT. This is expected for a magnetization precession induced by an ultrafast modification of the magnetic anisotropy when H ext is applied along a hard magnetization axis as in our experimental configuration [38, 54] . Furthermore, the dependence of the precession frequency on the field strength [ Fig. 4(d) ] clearly shows that two distinct branches of the dispersion relation are excited for all the modes. In the field range below ∼250 mT, the precession frequency decreases with increasing H ext . We note that for the homogeneous mode (k ¼ 0) in iron garnet with high in-plane magnetic anisotropy similar field dependences have been previously observed by FMR experiments [55, 56] . The phenomenon was interpreted as a reorientation phase transition of the magnetic domain structure [55] . The second branch is observed for H ext > 250 mT and it is characterized by a linearly increasing frequency with H ext for all the resonance modes. This linear dispersion of the resonance modes can be well described by the Kittel formula for SSWs adapted to our experimental configuration [57, 58] :
Here ω is the angular precession frequency, γ is the gyromagnetic ratio, H eff is the effective field, D ex is the exchange stiffness, and k represents the magnitude of the SSW's wave vector which is perpendicular to the thin film. We note that H eff ¼ j4πM s − H u j þ jH c j is determined by the uniaxial (H u ) and cubic (H c ) anisotropy fields and the film thickness d fixes the wave vector k ¼ nπ=d with n being the mode number. In order to better illustrate the SSW nature of the resonance modes, we show in [59] [60] [61] , which clearly demonstrates that the observed resonance modes are indeed SSWs up to the 4th mode. We note that we have performed conventional FMR measurements based on a coplanar waveguide and a vector network analyzer on the same sample and for H ext applied perpendicular to the plane of the film as in our TR-MOKE experiments. Only the SW mode corresponding to uniform magnetization precession at wave vector k ¼ 0 was excited. These results demonstrate the important opportunity provided by fs laser pulses to trigger and detect SSWs in iron garnet. We also note that the difference of the angular frequency between two resonance modes n and m, i.e., jω n − ω m j, at a given applied field below 250 mT is equal to γD ex ðπ=dÞ 2 jn 2 − m 2 j, which is the expected behavior for SSWs [57, 58] . In other words, this means that for H ext < 250 mT the angular frequency is given by ωðnÞ ¼ ω 0 þ γD ex ½ðπ=dÞn 2 . This quadratic dependence of the precession frequency as a function of the mode number is shown for H ext ¼ 33 mT in Fig. 5(d) . This result confirms the SSW nature of the dispersion branch below 250 mT for the high-order modes (n > 0). We therefore prove a spin precession with a frequency of 15 GHz at very weak field [ Fig. 4(d) ].
In conclusion, we show that femtosecond laser pulses can trigger high frequency even and odd SSWs in a nanoscale film of Bi-YIG. Two distinct branches of the dispersion relation for all the SSW modes are distinguished by varying the strength of H ext . We therefore demonstrate the possibility to trigger at very weak magnetic field of 33 mT a spin precession with a frequency of 15 GHz, which is fifteen times higher than the frequency associated with the FMR mode. We argue that the observed spin dynamics is induced by ultrafast modification of the magnetic anisotropy via incoherent and coherent phonons excited with the laser pulse. These findings reinforce the link between the fields of photonics, magnonics, and femtomagnetism, and open the door for exciting perspectives for ultrafast photo magnonic applications. 
